Photo-induced spin-state change in itinerant correlated-electron system 
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Photo-induced spin-state change in itinerant correlated-electron system is studied. The model Hamiltonians 
before and after photon-pumping are derived from the two-orbital Hubbard model with crystalline field splitting. 
A photon introduced in the low-spin band insulator induces a bound state of the high-spin state and a photo- 
excited hole. This bound state brings a characteristic peak in the optical absorption spectra in the photo-excited 
state. The present results well explain the recent experimental results of the ultrafast optical spectroscopy in 
perovskite cobaltites. 
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A number of electronic phases and the phase transition be- 
tween them are one of the central issues in correlated electron 
systems. In particular, materials with multi-degrees of free- 
dom, such as charge, spin, orbital and so on, exhibit various 
exotic phenomena related to the phase transition Jl]] . Recently 
developed ultrafast optical techniques open up a new frontier 
for research of the phase transition [Q. Irradiation of a pump 
laser pulse into a system in a vicinity of the phase boundary 
triggers an abrupt change in the electronic structures. This is 
the so-called photo-induced phase transition (PIPT). In con- 
trast to the conventional phase transitions caused by con- 
trolling temperature (T), doping carriers and so on, photo- 
induced phase is transient and highly nonequilibrium. Photo- 
induced phenomena in correlated electron systems offer large 
possibility of new hidden phases iHQl, which do not realize in 
the thermal equilibrium state, and prompt several theoretical 
challenges BITTIl. 

The spin-state transition is one of the targets in recent PIPT 
studies. This is a transition between the states with different 
magnitudes of the spin-angular moment in transition-metal 
ions. Different spin states are realized owing to a delicate 
balance of the intra-ion Hund coupling and the crystalline- 
field splitting. Some examples have been seen in the insu- 
lating organometallic complexes, such as the Prussian-blue 
analog, where magnitudes of the localized spins in Co or 
Fe ions are switched by photon irradiation IU2[ [Tsl . An- 
other type of the photo-induced spin-state transition is sug- 
gested in the correlated electron systems, the cobalt oxides 
with a perovskite structure, Ri^x^xCoOs and RACo20(;-s 
(R: a rare-earth ion. A: an alkaline-earth ion). Possible three 
spin states in Co'^^ are the low-spin (LS) in the (eg)°(i2g)^ 
configuration, the intermediate-spin (IS) in (eg)^(i2g)^, and 
the high-spin (HS) in {egf{t2g)'^ Hill. Temperature in- 
duced spin-state transition from the low-T LS insulating state 
into the high-T HS or IS metallic one is commonly ob- 
served in these cobaltites. The ultrafast optical measurements 
in the low-T LS insulators show transient metallic spectra 
which are completely different from the spectra in the high- 
T phase llmjlSll . The electron conduction and the spin-state 
are strongly coupled with each other, in highly contrast to the 
spin-crossover organometallic complexes where d electrons 
usually hop around the neighboring sites. Thus, the photo- 



induced spin-crossover in the itinerant correlated electrons are 
ought to be examined from the view point of the cross corre- 
lated phenomena among multi-degrees of freedom. 

In this Letter, photo-induced spin-state change in itinerant 
correlated electron systems is studied. We derive the model 
Hamiltonians where numbers of photo-excited electron-hole 
pair are fixed. A bound state of the photo-doped hole and 
the HS state are created inside of the LS sites. This bound 
state brings about a characteristic peak structure in the optical 
pump-probe spectra which are completely different from the 
spectra in thermal-excited states. The present theory provides 
a possible scenario in recently observed photo-induced hidden 
state in perovskite cobaltites. 

We start from the two-orbital Hubbard model with a crys- 
talline field splitting effect as a minimal model to examine the 
photo-induced spin-state change. Two orbitals termed A and 
B, corresponding to the Cg and t2g orbitals, respectively, are 
introduced in each site. The energy-level difference is denoted 
as A = ea — £b > 0- The model Hamiltonian in a iV-site 
lattice is given by 
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where Ci^^r is the electron annihilation operator at site i 
with orbital 7(= A^B) and spin (T(=t,i), and Ui-^^ ~ 
cl^^Ci^cr is the number operator We define 7 = {A, B) 
for 7 = {B,A), and introduce the intra-orbital Coulomb 
interaction U, the inter-orbital one [/', the exchange inter- 
action J, and the pair-hopping /. The electron transfer 
is set to be diagonal with respect to the orbitals. The to- 
tal number of electrons is fixed to be 2N . In the case of 
= 0, we have the two-lowest electronic configurations, the 
LS singlet state Ii/'l) = (/slB^Bj,) - /Al^t^J.))' ™d *e 
HS triplet states Mh+i) Mh-i)] = {(I^B^) + 

\A]^B^)) / \/2,\A^B-^^) ^\A^B^)}, as schematically shown in 
Fig. [Ila). We define the factors /a = W A? + P - A) /K, 
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h A - ^/A2 



P - A)2 +/2]i/2. Theen- 



P for the LS state and 



fs = I/K and K = 
ergies are = U 
Eh = U' - J + A for the HS one. 

We derive the effective Hamiltonians for the electronic 
structures before and after photon-pumping by the perturba- 
tional procedure with respect to t^. Before photon-pumping, 
the unperturbed electronic configurations are restricted to be 
IV'l) and \ipHi) (1 = 0, ±1). The Hamiltonian is explicitly 
written by using the projection operators as 

Uo = ElY^P^ + EhY^P," + JllY.pI'PI' 

i i (ij) 

+ Jhh • - 1) P."Pf + Jlh + 

+ J++5^{(S,.S,-l)/^+/^++H.c.} 

+ J_+^{/^-(S,.S,+l)P++H.c.}, (2) 
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Where /^^ = P" = Ei=o,±i 

and Sj = (1/2) X);ss' with the Pauli matrices 
(J. We also introduce the operators = |'!/'iffo)(V'ii| and 
= [P^)^ which change the spin state. The first and 
second terms are for the on-site energies of the LS and HS 
states, respectively. The remaining terms represent the inter- 
site interactions. Coupling constants are of the order of the 
tii/U, and are explicitly given in Ref. [fl9!]. The dominant 
terms are the nearest neighbor (NN) interaction between LS 

and HS, i.e. J^h and J |_. The negative value of Jlh (see 

Ref. lfl9ll ) implies an attractive interaction between the LS and 
HS states IM . 

The effective Hamiltonian for the states after the photon- 
pumping is derived in a similar way. We assume that one pho- 
ton generates one pair of an electron and a hole. These are 
represented by the configurations of |?/'ecr) = \AcB^B]) and 
\'^ha) = \Ba), which are termed an electron site and a hole 
site, respectively, as shown in Fig. [TJa). As the unperturbed 
states, in addition to the LS and HS sites, a pair of electron 
and hole sites are introduced. To avoid redundancy, here we 
give an outline of the Hamiltonian: 



(3) 



The explicit forms will be presented elsewhere. The first term 
represents the NN interactions between photo-excited hole 
and electron. The second term describes the interactions be- 
tween hole/electron and LS/HS. One of the dominant terms 
in "Hi is the -linear term between the photo-excited hole 
and HS, e.g. |V'»/iT' V'jff+i) (V'iff+i , V'jTjtI- When 

we identify that the A and B electrons are recognized as itin- 
erant electrons and localized spins, respectively, this term cor- 
responds to the double-exchange (DE) interaction. In the fol- 
lowing, we mainly focus on the lowest energy states in Ho 
and "Hi denoted by |G5'o) and \GSi), respectively. The state 
\GSi) corresponds to the photo-excited state where the energy 
and the angular moments are fully relaxed within the condi- 
tion that the photo-excited electron and hole do not disappear 
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FIG. 1: (a) schematic configurations of LS, HS, hole and electron 
states, (b) phase diagrams before and after photon pumping. A 
shaded area is for a region where the photo-induced spin-state change 
from LS to HS occurs. A bold line with arrows is for J = 0.53A. 
A direction of arrows corresponds to increasing of Ia with fixing A 
and J (see the text), (c) HS density, spin correlation function and 
spin-state congelation function before photon pumping, and (d) those 
after photon pumping in the case of A = %tA [a vertical line in (b)]. 
A two dimensional cluster of A'^ = 8 is adopted. 



The two effective Hamiltonians, Ho and "Hi, are ana- 
lyzed by the exact-diagonalization method with the Lanc- 
zos algorithm in finite-size clusters. We adopt mainly the 
two-dimensional 8-site and 10-site clusters with the periodic- 
boundary condition. One dimensional cluster with < 10 
are also used to check the size effect. In the finite T calcula- 
tions, all of the eigen states and the eigen energies are obtained 
by the Householder algorithm. Energy in Hi is optimized by 
the spin indices of the photo-excited hole and electron. In the 
numerical calculations, we set U = 4 J, \J' = 3 J, I = J and 
ts = Q.Ha- We have checked that qualitative results do not 
depend on detailed parameters choice. 

First, we show the electronic structure before photon- 
pumping. The phase diagram in the A — J plane is pre- 
sented in Fig.[nb). This is obtained by the HS density nns = 
[N — 27Ji)^^ {J2i{niA) — ni), the spin correlation function 
5(q) = (2iV2)-i^^^.(S, • Sj)e*q-('---'-^), and the spin- 
state correlation function /(q) = N~^'^--{QiQj)e^'^''''^'^'^^^ 
shown in Fig.[TJc). We define m = and I for Ho and Hi, 
respectively, and Q,, = |'0iL)(V'iL| \'fpiHi){tpiHi\- As ex- 
pected, the HS and LS phases appear in the regions of large J 
and large A, respectively. The antiferromagnetic spin corre- 
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FIG. 2: (a) spatial distributions around the photo-excited hole in two- 
dimensional 10-site cluster, and (b) those for HS in one-dimensional 
clusters for several TV. Schematic pictures for the hole-HS bound 
state are also shown. Parameters are A = 8tA and J = 4.3254^- 



lation is developed in the HS phase due to the superexchange 
interaction Jhh{> 0) in Eq. (|2]i. Between the two phases, 
LS and HS coexist. The staggered spin-state order is shown 
in the spin-state correlation function /(q). This LS-HS order 
is also confirmed by the calculations in the two-orbital Hub- 
bard model, H in Eq. and is attributed to the attractive 
interaction between LS and HS, i.e. J^h in Eq. (|2|i. 

The phase diagram after the photon-pumping is also plotted 
in Fig. [Ttb) which is determined from nns, S{q) and /(q) 
shown in Fig. [Ud). It is clearly shown that the LS-HS coex- 
istence phase becomes wider than that before pumping. This 
phase does not show a remarkable staggered LS-HS corre- 
lation and is identified as a metallic state as explained later 
Equivalently, in the shaded area in Fig. ^h), the spin-state 
change from LS to HS is induced by the photon-pumping. 

Properties of the photo-induced HS state are clarified in 
more detail. In Fig. |2ja), we present the spatial distribu- 
tions for the local-electronic configurations around the photo- 
excited hole. This is defined by gMi\j\) = J2r{P!t\j\Pt) for 
M — {H, L, e) where we introduce the projection operators 

Pt = 'EaH'^ea){Aea\ and i^'' = J2a\M{^^h.\■ H is 

shown that HS is located at the NN sites of the photo-excited 
hole. This result is almost independent of dimension and size 
of clusters as shown Fig.|2jb). The calculated spin-correlation 
function between the hole and HS is 0.498 which suggests 
that spins in these sites are polarized ferromagnetically. This 
is a kind of the spin-polarized bound state, like a magnetic po- 
laron, induced by the DE interaction as schematically shown 
in Fig. 12] We have confirmed that the nature of this bound 
state is robust against changing the parameters. 

The photo-excited ferromagnetic bound state is able to 
be detected directly by the optical pump-probe experiments. 
The optical absorption spectra calculated in Hi are shown in 
Fig. [3a). This is defined by ai{u!) — —{TTN)~^lm{ji{uj — 



FIG. 3: (a) the optical absorption spectra calculated in "Hi for sev- 
eral values of J/tA- (b) size dependence of the optical spectra in 
one-dimensional cluster, (c) the bond correlation functions for the 
final states of the optical absorption spectra. The bold and broken 
lines are for B^^ {uj) and B^^{lj), respectively. The optical spec- 
tra are also shown, (d) a schematic picture of the optical excitation 
between the bonding and antibonding orbitals in a hole-HS bound 
state. Parameters are A = 8tA, J = 4.325tyi, and rj = 0.2tA- A 
two dimensional N — 8 cluster is adopted in (a) and (c). 



Hi + E + ii]) ^ji) where ji = iY.oiih'y.A'y^(^i+ii<y " 
c|^;^^Cj-,CT) is the current operator along the direction I, E = 
(Hi) and 77 is a small damping constant. A symbol (• • • ) im- 
plies the expectation in terms of \GSi). In the case where the 
HS state is induced by the photon-pumping {J/tA > 4.3), 
mainly two peaks, denoted as D and B, appear On the other 
hand, a single peak (the peak D) is seen in the case where the 
HS state is not induced {J/tA < 4.2). Size dependence is 
checked in one-dimensional clusters [Fig.[3lb)]. The energy 
of the peak D decreases monotonically and tends to zero with 
increasing N. The energy of the peak B is, however, almost 
independent of dimension and size of clusters, and remains to 
heoj ^ 2tA- 

The origin of the peaks in a{oj) is more clarified 
by analyses of the final states in a{oj). We intro- 
duce the bond-correlation function defined by B™^^ {oj) = 
Ei^,)a,M^)\PrP''4^.^n^P''Pr + H.c.|7/.(^)) where 
\il'{u>)) is the final state in a{Ld), and M = {H, L) and 
TO = {e,h). This represents the bond correlation in the NN ij 
bond where the i and j sites are identified as the configurations 
of M and to. In the figure, B"'-^' {uj) at a; = represents the 
results in the initial state of a{uj), i.e. \GSi). It is seen that 
B''^{uj = 0) - B''"{u} - 3tA) ^ B'^"{lo - 2tA) and 
= 0) - B''^{lo - 2tA) ^ B''^{uj - 3tA). Thus, 
the final state in the peak B(D) is concerned in the excitation 
related to the hole and HS (electron and LS). From these re- 
sults, as well as the size dependence of the peak energy, we 
identify that the peak D corresponds to the Drude component 
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FIG. 4: (a) the optical conductivity spectral at finite T calculated 
in "H. A one-dimensional N = 5 cluster is adopted. Parameters 
are A = Ua, J = 4.325tA and T = 8*^ for the bold line and 
A = 5t,4, J = 2.5tA and T = 5t/i for the broken line. The optical 
conductivity spectra for the photo-excited HS state at T = are also 
plotted, (b) the effective optical carrier numbers N^f / as functions 
of the transfer integral a. Parameters are the same with those in (a). 



for the photo-excited electron in the thermodynamic limit. On 
the other hand, the peak B is the excitation in the hole-HS 
bound state. Because of the resonance between \'4)ih^-4}jH+i) 
and \-4}iH+i4'jh\) by ^A, the bonding and antibonding orbitals 
are formed in the hole-HS bound state [Fig.|3ld)]. The peak 
B is owing to the excitation from the bonding to antibonding 
states. In an isolated hole-HS bound state, the excitation en- 
ergy is 2tA which almost agrees to the energy of the peak B. 

Finally, we discuss implications of the present theory for 
the recent pump-probe experiments in perovskite cobaltites. 
Okimoto and coworkers performed the femtosecond pump- 
probe spectroscopy in a series of cobaltites i?BaCo206-5 
(i?=Sm, Gd, and Tb). These materials show the HS-metal 
to the LS-insulator crossover with decreasing T m. The 
experiments in the low-T LS insulating state show that 1) 
the spectral weights appear inside of the insulating gap by 
photon pumping, but the spectral shapes are different from 
those in the high-T HS metal, and 2) the transferred spec- 
tral weight by pumping, quantified as the effective number 
of carriers, increases with increasing the electron transfer in- 
tegral, corresponding to increasing of the ionic radius in R. 
Since the photo-induced hole-HS bound state predicted in the 
present theory is a local object, we expect that the calcu- 
lated results in small-size clusters are able to be compared 
qualitatively to the experimental results in the cobaltites. In 
the exact-diagonalization calculation at finite T, a number of 
HS sites nns abruptly increases around a certain temperature 
T* which corresponds to the crossover temperature from the 
low-T LS state to the high-T HS state. Since the numerical 
value of T*(~ i^) is much higher than the observed value in 
cobaltites owing to the small size cluster, we do not touch T* 
itself, but focus on qualitative feature of the optical spectra 



above T*. The optical conductivity spectra in the thermal- 
excited HS state as well as those in the photo-excited state 
are shown in Fig. Ufa) for the representative two parameter 
sets ll2lll . We interpret that these correspond to the expeiimen- 
tally observed thermally-induced and photo-induced spectral 
weights inside of the gap. We chose the temperatures where 
uhs is about 0.8 which is comparable to a value in high T-HS 
phase in LaCoOa |22]. It is shown that the spectra in thermal- 
excited HS states are smaller than those in photo-excited HS 
state and do not show clear structure of the peaks B and D. 

Then we discuss the i?-ion dependence of the optical spec- 
tra ITtIi . In perovskite crystal, the ionic radius of R controls 
the electron-transfer integral. To simulate this effect, we intro- 
duce the parameter a in the transfer term in Eq. (|2) as t-^ ^• 
at^. As shown in Fig.[Tl with increasing the transfer integral, 
the system is transferred from the phase where the LS ground 
state remains after photo-irradiation into the phase where HS 
is induced by photon. In Fig. |4|b), we present the effective 
number of optical carriers defined by N^ff = j^" a[u)duj 
in the photo-excited and thermal-excited HS states. The cut- 
off energy lOc is taken to be the energy where the peak B is 
fully damped. In both the photo-excited and thermal-excited 
states, Nef / increase with increasing a. A number of the 
photo-induced effective carrier is much larger than that of the 
thermal-excited one. Through the above comparisons with the 
theory and the experiments, we claim that the two character- 
istic features suggested experimentally, i.e. 1) difference be- 
tween the spectra in thermal- and photo-excited HS states, and 
2) R dependence of Neff, are explained by the present calcu- 
lations. 

In summary, we have studied the photo-induced spin state 
change in itinerant correlated electron system. The effective 
models before and after photon-pumping are derived from the 
two-orbital Hubbard model and are analyzed by the exact di- 
agonalization method. When a photon is introduced in the 
LS band insulator, we found a spin-polarized bound state of 
photo-excited hole and HS. We show that this bound state di- 
rectly reflects the optical pump-probe spectra. There is qual- 
itative difference between the optical spectra in the photo- 
excited HS state and that in thermal-excited HS one. These 
results as well as the electron transfer dependence of the opti- 
cal spectra well explain the recent femtosecond spectroscopy 
experiments in perovskite cobaltites. 
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